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Dopaminergic imaging and clinical predictors
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This is an international multicentre study aimed at evaluating the combined value of dopaminergic neuroimaging and clinical fea-
tures in predicting future phenoconversion of idiopathic REM sleep behaviour (iRBD) subjects to overt synucleinopathy. Nine
centres sent 2*I-FP-CIT-SPECT data of 344 iRBD patients and 256 controls for centralized analysis. ">’ I-FP-CIT-SPECT images
were semiquantified using DaTQUANT™, obtaining putamen and caudate specific to non-displaceable binding ratios (SBRs).
The following clinical variables were also analysed: (i) Movement Disorder Society-sponsored revision of the Unified Parkinson’s
Disease Rating Scale, motor section score; (ii) Mini-Mental State Examination score; (iii) constipation; and (iv) hyposmia. Kaplan-
Meier survival analysis was performed to estimate conversion risk. Hazard ratios for each variable were calculated with Cox re-
gression. A generalized logistic regression model was applied to identify the best combination of risk factors. Bayesian classifier
was used to identify the baseline features predicting phenoconversion to parkinsonism or dementia. After quality check of the data,
263 iRBD patients (67.6+7.3 years, 229 males) and 243 control subjects (67.2+10.1 years, 110 males) were analysed. Fifty-two
(20%) patients developed a synucleinopathy after average follow-up of 2 years. The best combination of risk factors was putamen
dopaminergic dysfunction of the most affected hemisphere on imaging, defined as the lower value between either putamina
(P < 0.000001), constipation, (P < 0.000001) and age over 70 years (P =0.0002). Combined features obtained from the general-
ized logistic regression achieved a hazard ratio of 5.71 (95% confidence interval 2.85-11.43). Bayesian classifier suggested that
patients with higher Mini-Mental State Examination score and lower caudate SBR asymmetry were more likely to develop parkin-
sonism, while patients with the opposite pattern were more likely to develop dementia. This study shows that iRBD patients older
than 70 with constipation and reduced nigro-putaminal dopaminergic function are at high risk of short-term phenoconversion to
an overt synucleinopathy, providing an effective stratification approach for future neuroprotective trials. Moreover, we provide
cut-off values for the significant predictors of phenoconversion to be used in single subjects.
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Introduction

a-Synucleinopathies are neurodegenerative disorders, charac-
terized by the abnormal accumulation of a-synuclein
aggregates in neuronal or glial cells. The main phenotypes of
a-synucleinopathies are Parkinson’s disease, dementia with
Lewy bodies and multiple system atrophy, and they all have
a long prodromal stage in which symptoms or signs of neu-
rodegeneration are detectable, but full clinical disease has
not developed yet (McKeith et al., 2020).

Several promising neuroprotective treatments are Now
being developed, and prodromal synucleinopathies are likely
the best target to test neuroprotective therapy, because the
neurodegenerative process is still in an early stage and thus
the likelihood to rescue both brain structure and function is
higher. However, identifying patients in a prodromal neuro-
degenerative stage may be challenging. Several prodromal
synucleinopathy markers have been proposed, including
autonomic dysfunction, cognitive impairment, olfaction loss
and sleep disorders (Berg et al., 2015). Among these, the
presence of idiopathic REM sleep behaviour disorder (iRBD)
is by far the strongest risk factor (Berg et al., 2015). Indeed,

patients with iRBD are at high risk of developing a synu-
cleinopathy over time and >70% of iRBD patients develop
an overt neurodegenerative syndrome after 12 years of fol-
low-up (Postuma et al., 2019). Thus, iRBD cohorts are likely
the most ready neuroprotective trial populations.

The feasibility of neuroprotective studies in prodromal
synucleinopathies is still debated. One relevant problem is
the length of a hypothetical trial. Even accepting iRBD
patients as the target population, the long interval between
the diagnosis and the development of the overt neurodege-
nerative disease makes the viability of this choice question-
able. Indeed, a clinical trial would unlikely last more than 5
years, and certainly not more than 10. To overcome this
problem, risk factors of short-time phenoconversion have
been investigated in iRBD patients. For example, the pro-
dromal Parkinson’s disease criteria have good sensitivity and
specificity in predicting the phenoconversion to synucleinop-
athy (Postuma et al., 2019). Moreover, the presence of
nigro-striatal dopaminergic dysfunction, as investigated by
dopamine transporter (DAT) single photon emission tomog-
raphy (SPECT), was able to identify iRBD patients at high
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risk of short-time phenoconversion to overt synucleinopathy
(Iranzo et al., 2017; Li et al., 2017).

The European Medicines Agency (EMA) supports the use
of DAT-SPECT neuroimaging as an enrichment biomarker
to be used in early Parkinson’s disease neuroprotection trials
(Conrado et al., 2018). Indeed, DAT imaging allows the
identification of early Parkinson’s disease patients with more
rapid clinical decline and the exclusion of subjects without
evidence of DAT deficit, thus allowing reduction of trial size
and preventing exposure of subjects who unlikely experience
important clinical worsening to experimental treatments
(Conrado et al., 2018). However, available literature data
on DAT-SPECT in iRBD are inhomogeneous (Bauckneht
et al., 2018) and definite results on its ability to efficiently
predict future phenoconversion are not achieved yet.
Moreover, to date only one single-centre study explored the
combined predictive value of presynaptic dopaminergic
imaging with clinical risk factors for short-term phenocon-
version to overt synucleinopathy in iRBD (Arnaldi et al.,
2020).

13 Ioflupane SPECT ('*’I-FP-CIT-SPECT) is currently
the most studied and available DAT-SPECT imaging modal-
ity. Clinical imaging pathological data confirm the utility of
DAT-SPECT, including DaTQUANT™, in differentiating
Lewy body disease from non-Lewy body disease disorders
(Maltais et al., 2020). The aim of this international multi-
centre study was to investigate the combined value of '*’I-
FP-CIT-SPECT and the main clinical features in predicting
future phenoconversion of iRBD patients to an overt
synucleinopathy.

Material and methods

Subjects

This is a retrospective international multicentre study.
Inclusion criteria were the diagnosis of iRBD according to
current criteria and the availability of '**I-FP-CIT-SPECT on
file. The presence of RBD was confirmed by polysomnogra-
phy in all patients. Exclusion criteria were history of stroke,
head trauma, brain injury or any other major neurological
or psychiatric disease, including parkinsonism and dementia.
All patients underwent routine clinical follow-up during
which systematic assessment for parkinsonism and dementia
was performed, including semi-structured interview with
patients and caregivers. Centres were also asked to send on
file 'I-FP-CIT-SPECT and demographic data of healthy
controls (i.e. subjects who were judged to be free of neuro-
logical disorders at the end of diagnostic work-up that
included '**I-FP-CIT-SPECT).

All participants signed an informed consent form in com-
pliance with the Declaration of Helsinki of 1975. Ethics ap-
proval was obtained from the local institutional boards.
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Nigro-striatal dopaminergic functioning was evaluated by
means of '2I-FP-CIT-SPECT, as a marker of striatal DAT
density. Images were acquired after intravenous administra-
tion of *’-FP-CIT (DaTSCAN, GE Healthcare) according
to the European Association of Nuclear Medicine (EANM)
guidelines (Darcourt et al., 2010) in all centres. SPECT
equipment and other technical details are summarized in
Supplementary Table 1. DAT-SPECT images were exported
in Digital Imaging and Communications in Medicine
(DICOM) format and sent to the coordinating centre
(Genoa) for analysis, except for the Rochester centre, which
sent the quantified data using the same semiquantification
software instead of the DICOM files. Quality of images was
checked by a nuclear medicine physician with specific ex-
pertise in dopaminergic imaging (S.M.).

DaTQUANT™ software (GE Healthcare) was used for
semiquantification of DAT-SPECT images. Bilateral specific
to non-displaceable binding ratios (SBRs) at putamen and
caudate levels were computed, using the occipital lobes up-
take as the background reference region. Bilateral putamen/
caudate ratios as well as putamen and caudate asymmetries
were also computed and used in statistical analyses.
Asymmetry values were calculated with the formula:
SBR_As = 2 x abs (SBR_Left — SBR_Right)/(SBR_Left +
SBR_Right). Both putamen and caudate SBR in either the
most affected (MAH) or least affected hemisphere (LAH)
were also computed (i.e. the lower/higher value between left
and right hemisphere, respectively).

Baseline clinical variables

Available baseline clinical variables include: (i) Movement
Society-sponsored Unified
Parkinson’s Disease Rating Scale, motor section (MDS-
UPDRS-II) (Goetz et al., 2007) for standardized motor
examination (1987 version of the UPDRS-III were converted
into MDS-UPDRS-III) (Hentz et al., 2015) and only MDS-
UPDRS-III scores were used for statistical analysis; (ii) Mini-
Mental State Examination (MMSE) (Folstein et al., 1975) or
Montreal Cognitive Assessment (MoCA) (Nasreddine et al.,
2005) as a marker of global cognition; MoCA scores were
converted into MMSE scores (van Steenoven et al., 2014)
and only MMSE was used for statistical analysis; (iii)
SCOPA-AUT (Visser et al., 2004), constipation question-
naire (Szewczyk-Krolikowski et al., 2014), or clinical inter-
view to assess constipation; and (iv) University of
Pennsylvania Smell Identification Test (Doty et al., 1984),
Sniffin’ Sticks 16 items odour identification test (Hummel
et al., 1997), Odor Stick Identification Test for Japanese
(Kobayashi et al., 2006) and Smell Diskettes Olfaction test
(Briner and Simmen, 1999) to assess olfaction. For statistical
analysis, constipation and hyposmia were dichotomized as
abnormal or normal according to the cut-off point of each
test.

Disorder revision of the
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Follow-up and disease
phenoconversion

All centres prospectively followed patients with in-person
evaluation to diagnose phenoconversion to defined parkin-
sonism (defined as bradykinesia plus at least one of rigidity
or rest tremor) (Postuma et al., 2015) or dementia (defined
as functional impairment in activities of daily living and
with evidence of cognitive impairment on standardized test-
ing) (American Psychiatric Association, 2013). For patients
with parkinsonism as the primary disease manifestation, the
primary diagnosis (Parkinson’s disease/multiple system atro-
phy) was made according to the treating neurologist. This
differential diagnosis incorporated all available follow-up in-
formation (i.e. any patient who was initially diagnosed with
Parkinson’s disease at phenoconversion but who was subse-
quently found to have multiple system atrophy would be
included as multiple system atrophy). For dementia convert-
ers, all met the 2017 criteria for probable dementia with
Lewy bodies (McKeith et al., 2017). All iRBD patients who
developed Parkinson’s disease, dementia with Lewy bodies
or multiple system atrophy at follow-up were considered
converters for statistical analysis, while the remaining
patients were considered non-converters.

Statistical analysis

DAT-SPECT data, MMSE and MDS-UPDRS-III scores were
corrected by age, sex and centre, obtaining adjusted data to
be used in further analysis. Subsequently, adjusted DAT-
SPECT data were compared between iRBD patients and
control subjects by receiver operation characteristic (ROC)
analysis.

A first survival Kaplan-Meier analysis was performed to
estimate conversion risk on the eight adjusted DAT-SPECT
features data (i.e. most affected and least affected hemisphere
putamen and caudate SBR, bilateral putamen/caudate ratios,
putamen and caudate asymmetries) and on the clinical fea-
tures (i.e. adjusted MMSE and adjusted MDS-UPDRS-III
scores, olfaction, constipation, and age). Continuous varia-
bles were categorized as above or below a cut-point identi-
fied by the Youden method. Censoring time was set at the
time of last assessment for non-converters and the time of
conversion for converter patients. Hazard ratios (HR) for
each variable were calculated with Cox regression.

To define the best combination of risk factors predicting
conversion, a generalized backward stepwise logistic regres-
sion was applied, using the conversion outcome (dichotom-
ous variable) as the dependent variable, and the best DAT-
SPECT feature (i.e. the one with the highest HR), MMSE
score (continuous variable), MDS-UPDRS-III score (continu-
ous variable), olfaction (dichotomous variable), constipation
(dichotomous variable) and age (continuous variable) as in-
dependent variables. Logistic regression results were used to
compute a combined features score for each patient, using
the best combination of risk factors for conversion. Then,
Kaplan-Meier analysis and Cox regression were applied
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using the combined features scores. In all analyses, we used
the clinical and DAT-SPECT variables adjusted by age, sex
and centre, thus no further correction was applied. All anal-
yses were cross-validated by a bootstrap (500 x) approach
to test the reliability of the identified cut-off values.

Subsequently, sample size requirements for a future neuro-
protective trial were estimated. Sample size calculation fol-
lowed the Freedman formula to compute the number of
events (Freedman, 1982) and a parametric estimation of the
overall probability of an uncensored observation by the end
of the study (Klein et al., 2014). A categorical definitive end
point (defined disease phenoconversion), with two groups
(placebo versus a single-dose of active treatment), two-sided
o = 0.05, and 80% power was assumed. An agent that
reduces phenoconversion with HR = 0.5 was assumed.
Therefore, the number of events needed is 65. A time-to-
event analysis was performed, with phenoconversion as the
end-point and the risk factors obtained by the logistic regres-
sion analysis as screening criteria. The Weibull fit of the
Kaplan-Meier curve was used as estimate of the survival
function.

Finally, we performed an explorative analysis to investi-
gate whether baseline clinical and imaging features were
able to predict phenoconversion to Parkinson’s disease or to
dementia with Lewy bodies. To reduce the number of the
variables and to minimize multicollinearity a principal com-
ponent analysis (PCA) was applied to DAT-SPECT varia-
bles. Then, a random forest classifier was trained to identify
the best predictors of conversion (variable importance). The
two most significant predictors were fed to a Bayesian classi-
fier to visualize the likely decision boundary on the two pre-
dictors plane. Statistical analyses were performed using
MATLAB R2018B (The MathWorks, Inc., Natick, MA,
USA).

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results
A total of 344 DAT-SPECT of iRBD patients and 256 DAT-

SPECT of healthy controls from nine centres were collected
(Supplementary Table 2). One hundred and eighty iRBD
patients (52.3%) were included in a previous study
(Postuma et al., 2019), but in the present study the patients
had a longer (2-year) follow-up.

Some of the DAT-SPECT scans were not readable by the
DaTQUANT™ software or were excluded from the analysis
for either insufficient quality of images or other technical
reasons. Moreover, the availability of the requested clinical
features was checked in each patient and only those with all
clinical features were included in the study. In total, 263
iRBD patients and 243 control subjects were included in the
analysis. Clinical and demographic data of the two groups
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are summarized in Table 1. Thirteen control subjects were
excluded because the scans were not readable by the soft-
ware for technical reasons. Among the 81 iRBD patients
who were excluded, 62 were ruled out because scans were
not managed by the semiquantification software, four for in-
sufficient quality and 15 for missing clinical variables. No
significant differences were found in demographic and

Table | Clinical and demographic data of iRBD patients
and controls

iRBD Controls
n 263 243
Age, years 67.6+7.3 67.2+10.1
Sex, males 229 (87.1%) 110 (45.3%)
MMSE score 27.2+23 -
MDS-UPDRS-IIl score 5.1£4.6 —
Constipation 111 (42.2%) -
Hyposmia 159 (60.5%) -
Follow-up, months 26.2+20.8 -
Phenoconversion 52 (19.8%) -
Parkinson’s disease 33 (63.5%)
Dementia with Lewy bodies 18 (34.6%)
Multiple system atrophy 1 (1.9%)

“amdate M AH CandoteLAH
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clinical data (including conversion rate) between these
excluded patients and those entering the statistical model.
Raw and adjusted DAT-SPECT data are shown in Fig. 1.

ROC analysis between iRBD and
control subjects

Area under the curve (AUC) values for each DAT-SPECT
variable varied from 0.51 to 0.62 and are shown in
Supplementary Table 3. Overall, 77 of 263 iRBD patients
(29.3%) had an abnormal scan [defined as at least 1.5
standard deviations (SD) below the average value of con-
trols, adjusted for age, in at least one putamen].

Survival analysis

Fifty-two patients (19.8%) developed an overt synucleinop-
athy over an average follow-up time of ~2 years (Table 1
and Fig. 2). Mean conversion time was 24.3+26.4 (median
20) months after DAT-SPECT. The risk of conversion over
time did not follow an exponential function (i.e. constant
hazard rate) but was best expressed by a Weibull distribu-
tion (increasing hazard rate). Therefore, it is not appropriate
to calculate a fixed annual conversion rate. In the present
sample, the risk of conversion was of 14.7% after 2 years,
30% after 4 years, and 54.8% after 6 years.

aCandateM AH
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Figure | Box plot of raw (A) and adjusted (B) DAT-SPECT data. Imaging data were adjusted by age, sex and centre. The x-axis shows
DAT-SPECT specific to non-displaceable binding ratios (SBRs). The y-axis shows the centres involved in the study. LAH = least affected hemi-

sphere; MAH = most affected hemisphere.
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Figure 2 Disease free survival and hazard rate over time in iRBD patients. The left plot shows disease-free survival (i.e. free of parkin-
sonism and dementia) over time (years) in iRBD patients. The right plot shows the hazard rate over time (years) in iRBD patients computed on

the exponential and Weibull survivor functions.

Table 2 Baseline predictors of follow-up phenoconversion to a synucleinopathy in iRBD patients

Variable Raw cut-off Adjusted cut-off (bounds) HR (95% CI)
aPutamen MAH 1.98 2.14(1.31-2.85) 4.35 (2.35-8.05)
aCaudate MAH 2.49 2.67 (1.69-3.53) 3.17 (1.73-5.80)
aPutamen LAH 2.17 2.34 (1.52-3.05) 4.00 (2.13-7.53)
aCaudate LAH 2.33 2.48 (1.50-3.31) 3.03 (1.74-5.29)
aP/C ratio Left 0.75 0.75 (0.68-0.78) 2.51 (1.444.39)
aP/C ratio Right 0.75 0.75 (0.68-0.78) 2.53 (1.45-4.40)
aPutamenAs 9.49 8.85 (7.25-13.18) 2.83 (1.624.95)
aCaudateAs 10.66 10.42 (8.57-12.50) 3.30 (1.89-5.75)
aMMSE 26.37 26.37 (24.02-28.22) 2.09 (1.17-3.75)
aUPDRSIII 7.36 7.36 (1.94-12.85) 1.88 (1.05-3.38)
Constipation n/a n/a 2.24 (1.23-4.08)
Hyposmia n/a nla 2.12 (0.95-4.72)
Age 70 nfa 291 (1.64-5.18)
Combined features -0.49 nfa 5.71 (2.85-11.43)

As = asymmetry; Cl = confidence interval; LAH = least affected hemisphere; MAH = most affected hemisphere; n/a = not applicable.

Kaplan-Meyer curves of DAT-SPECT and clinical features
are shown in Supplementary Fig. 1. On Cox proportional
hazards analysis, all baseline variables—except hyposmia—
significantly predicted outcome (Table 2). To make the
results usable in the context of a single centre, the adjusted
cut-off values were complemented with their equivalent num-
bers on raw values, with the addition of minimum and max-
imum bounds. These bounds are computed as min/max on
the whole raw data variability due to the covariates (centre,
age and sex), constrained to the adjusted cut-off values. This
means that, for instance, the range of values on raw data for
the MMSE adjusted cut-off = 26 is between 24 and 28.
Therefore, abnormal values are those <24.

Putamen SBR in the most affected hemisphere reached the
highest HR numerically (HR = 4.35) among DAT-SPECT vari-
ables and was therefore included in subsequent analysis. The
generalized logistic regression was highly significant in predict-
ing conversion (P < 0.000001), and the best combination of
risk factors included the most affected hemisphere putamen
SBR (cut-off 2.14, bounds 1.31-2.85; P < 0.000001),

constipation, (P < 0.000001) and age (cut-off 70;
P =0.00015). The combined features obtained from the gener-
alized logistic regression achieved an HR of 5.71 (Fig. 3) and
were numerically higher than the other risk factor HRs (Fig. 4),
although not significantly higher than most other risk factor
HRs. However, the combined features” HR was significantly
higher than the clinical data HR (P < 0.05).

Sample size calculation

Sample size requirements for a future neuroprotective trial
are summarized in Table 3. The number of events needed to
achieve statistical significance and the number of patients
per arm, stratified according to trial duration, are reported.
In this analysis, the combined features did not have the low-
est number because the sample size analysis only considered
the arm of patients with abnormal values, while the HR
accounts for both patients below or above the cut-off, and
the distance between the two lines in Kaplan-Meier analysis.
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Figure 3 Kaplan-Meier disease-free survival plots for iRBD patients according to the best predictors of phenoconversion and
the combined feature obtained by the generalized logistic regression.
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Figure 4 Forest plot showing the risk factors’ HR. The lines
show 95% confidence intervals. LAH = least affected hemisphere;
MAH = most affected hemisphere.

Comparison between Parkinson’s
disease and dementia with Lewy
bodies converters

The PCA on DAT-SPECT data identified four components
(Supplementary Fig. 2). According to the random forest classi-
fier, the best predictors were the MMSE score and PCA 3
(Supplementary Fig. 3), which was mainly expressed by the
caudate SBR asymmetry. Therefore, it may be suggested that
patients with higher MMSE and lower caudate asymmetry are
more likely to develop Parkinson’s disease, while patients with
lower MMSE and higher caudate asymmetry are more likely to
develop dementia with Lewy bodies (Supplementary Fig. 4).
However, the caudate asymmetry was not by itself a significant
predictor of dementia with Lewy bodies versus Parkinson’s

disease phenoconversion [AUC 0.63 (0.45-0.77)]. On the con-
trary, the MMSE was an independent predictor of dementia, as
expected [AUC 0.71 (0.56-0.83)]. More advanced analysis was
not appropriate due to the limited number of converted
patients. Supplementary Fig. 5 shows individual DAT-SPECT
data, according to the final diagnosis (i.e. Parkinson’s disease,
dementia with Lewy bodies or still idiopathic).

Discussion

This large international, multicentre study aimed to investi-
gate the combined value of DAT-SPECT and clinical features
in predicting future phenoconversion to synucleinopathy in
iRBD patients. Fifty-two patients (19.8%) developed an
overt synucleinopathy after an average follow-up time of 2
years, and the risk of phenoconversion was 14.7% after 2
years, 30% after 4 years, and 54.8% after 6 years. This was
higher than previous data showing a risk of 17.9% after 3
years, 31.3% after 5 years, and 51.4% after 8 vyears
(Postuma et al., 2019). However, as the present dataset can
be considered to mostly not overlap with the previous inter-
national RBD study (Postuma et al., 2019), this result may
be explained by the heterogeneity of the iRBD patients.
Another possible explanation could be that in the present
study the phenoconversion time was calculated starting from
the DAT-SPECT date, whereas in previous studies it was cal-
culated from RBD diagnosis. We found that risk of conver-
sion was not a fixed annual rate but rather an increasing
hazard rate. While complex and still partially known patho-
physiological factors may play a role, increasing age and
role of co-morbidities may at least partially explain such an
increasing hazard rate, since it is known that ageing is a sig-
nificant risk factor for phenoconversion, as confirmed in this
present study.

For multivariate analysis, the best combination of risk fac-
tors for phenoconversion included putaminal dopaminergic
dysfunction of the most affected hemisphere seen on imag-
ing, constipation, and age over 70 years.

Several studies have shown nigro-striatal dopaminergic
dysfunction in iRBD patients (Bauckneht et al., 2018).
Moreover, nigro-putaminal dopaminergic deafferentation
has been proposed as a suitable prognostic marker of
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Table 3 Sample size requirements for a future neuroprotective trial

Number of patients per arm

|-year duration

2-year duration 3-year duration

All iRBD 1055
Constipation 678
Age 653
Putamen most affected hemisphere 408
Combined features 517

352 190
245 140
222 123
155 93
185 106

subsequent phenoconversion to full-blown neurodegenera-
tive disease (Iranzo et al., 2017; Li et al., 2017). However,
available data on presynaptic radionuclide neuroimaging in
patients with iRBD are largely heterogeneous, especially for
DAT-SPECT analysis and semiquantification methodology
(Bauckneht ez al., 2018). It is interesting to note that the
power of DAT-SPECT in predicting phenoconversion of
iRBD patients was only moderate (HR = 1.98) in the largest
study conducted so far (Postuma et al, 2019). However,
there, the entire examination was simply dichotomized to
abnormal versus normal. In contrast, in the present study,
with standardized semiquantification, all eight DAT-SPECT
features achieved a good prediction power, with putaminal
SBR in the more affected hemisphere being the single highest
risk factor (HR = 4.35).

Subsequently, we performed a multivariate analysis in
order to determine the best combination of clinal and imag-
ing risk factors, and only age and constipation were retained
in the model along with the most affected hemisphere puta-
minal SBR. The presence of age as a significant risk factor
was not surprising. Indeed, age is one the most important
risk factors for any neurodegenerative disease, and is one of
the major modifiers in the computation of the prodromal
Parkinson’s disease risk (Berg et al., 2015). Constipation
was the only measure of dysautonomia in our study. Early
signs of dysautonomia have been repeatedly found as signifi-
cant predictors of phenoconversion in RBD patients (Li
et al., 2017; Postuma et al., 2019), therefore, in our sample,
constipation likely expressed the part of the variance related
to dysautonomia. It is, however, possible that performing
more comprehensive and advanced measures of dysautono-
mia may further increase the weight of this aspect in predict-
ing future phenocoversion in iRBD patients.

We define cut-offs that need to be applied and verified in
independent cohorts of iRBD patients. The presence of con-
stipation was defined by using well-known, validated and
easily reproducible questionnaires, and a cut-off of 70 years
of age resulted from the survival analysis. As for the DAT-
SPECT feature, considering the retrospective nature of the
study, which is its main limitation, only the semiquantifica-
tion procedure has been harmonized, while the acquisition
and reconstruction SPECT protocols, as well as the SPECT
equipment were inhomogeneous between centres. Thus, for
each feature, we calculated the boundaries expressing the
variability due to the co-variates (centre, age and sex),

constrained to the adjusted cut-off values. This means that,
as long as the EANM guidelines are followed in performing
123 FP-CIT-SPECT scans, and the data are semiquantified
with the DaTQUANT™ tool, a restrictive threshold of 1.31
SBR (the lowest bound, Table 2) in the MAH putamen
should identify those iRBD patients at high risk of short-
time phenoconversion to an overt synucleinopathy. This
threshold should be confirmed and validated in future, inde-
pendent studies.

This approach would allow a sensitive reduction in sample
size requirement for future neuroprotection trials. Indeed,
according to our results, selecting iRBD patients over 70
years of age, with constipation and reduced nigro-putaminal
dopaminergic function for a 2-year clinical trial would not-
ably decrease the sample size requirement to ~185 patients
per arm. Other factors need to be taken into account to cal-
culate the exact sample size, according to the specifics of a
clinical trial.

Finally, we performed an exploratory analysis to investi-
gate whether, based on baseline DAT-SPECT and clinical
features, iRBD patients eventually developing Parkinson’s
disease could be differentiated from those eventually devel-
oping dementia with Lewy bodies. In our sample, iRBD
patients with higher MMSE and lower caudate SBR asym-
metry were more likely to develop Parkinson’s disease, while
patients with lower MMSE and higher caudate SBR asym-
metry were more likely to develop dementia with Lewy
bodies. These findings are in agreement with previous data
showing that iRBD patients with cognitive impairment are
more likely to develop dementia (Génier Marchand et al.,
2018). Moreover, patients with dementia with Lewy bodies
have clear nigro-striatal dopaminergic impairment, especially
at the caudate level (Walker ez al., 2004), and a lower caud-
ate/putamen ratio compared with Parkinson’s disease
patients (Joling et al., 2018), On the other hand, Parkinson’s
disease patients have greater putamen asymmetry compared
with patients with dementia with Lewy bodies (Walker
et al., 2004). Indeed, it has been suggested that the nigro-
caudate dopaminergic function is more related to cognition,
while the nigro-putaminal function would be more related
to motor symptoms (Nobili et al., 2010). Therefore, it may
be argued that, in our sample, caudate asymmetry may re-
flect an early involvement of the nigro-caudate dopaminergic
pathway that would anticipate the emergence of dementia
with Lewy bodies instead of Parkinson’s disease. This result
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should be taken with caution because of the limited number
of converted patients. Indeed, the same DAT-SPECT signa-
tures (i.e. Parkinson’s disease patients with greater putamen
asymmetry and dementia with Lewy bodies patients with
lower nigro-caudate dopaminergic function) were not pre-
sent in our dataset (data not shown).

In the present study, 1 of 52 converters (1.9%) devel-
oped multiple system atrophy. While a median multiple
system atrophy conversion rate of 3.8% in iRBD patients
has been reported in a recent meta-analysis (Galbiati et al.,
2019), the slightly lower conversion rate in the present
study may be explained by the still relatively limited num-
ber of converters. The Parkinson’s disease to dementia
with Lewy bodies ratio in conversion rates may also vary
between studies. In a recent meta-analysis, 44% among all
converters developed Parkinson’s disease and 25% devel-
oped dementia with Lewy bodies (Galbiati et al., 2019),
thus close to a 2:1 ratio and similar to our ratio since
among the 52 converters in our study, 63.5% developed
Parkinson’s disease and 34.6% developed dementia with
Lewy bodies.

About half of the patients enrolled in the present study
were also included in a previous study (Postuma et al.,
2019). However, the patients in the present study had a lon-
ger follow-up. Moreover, the novelty of the present study is
that DAT-SPECT data were analysed by a standardized
semiquantitative analysis, while in the previous study a di-
chotomous (abnormal versus normal) approach was used.
Furthermore, in the present study, for the first time imaging
and clinical risk factors were combined for prediction using
a multivariate approach.

The main limitation of the study is that has been con-
ducted retrospectively, with already existing DAT-SPECT
data. Therefore, acquisition and the reconstruction protocols
were not harmonized prior to the study. The main strength
of the present study, besides the remarkable sample size, is
that the semiquantification of DAT-SPECT scans has been
conducted by means of a standardized postprocessing pro-
cess, with a widely available registered tool.

In conclusion, we found that iRBD patients older than 70,
with constipation and reduced nigro-putaminal dopamin-
ergic function in the more affected hemisphere (SBR <
1.31) are at high risk of phenoconversion to an overt synu-
cleinopathy within 3 years of follow-up. These data could be
used to stratify patients to be enrolled in a future neuropro-
tective clinical trial.
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